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Background: The susceptibility to develop hay fever is putatively the result both of
genetic and environmental causes. We estimated the significance and magnitude of
genetic and environmental contributions to hay fever among young adult twins.
Methods: From the birth cohorts 1953–82 of The Danish Twin Registry 11,750 twin
pairs were identified through a nationwide questionnaire survey. Subjects were
regarded hay fever cases when responding affirmatively to the question ‘Do you
have, or have you ever had hay fever?’ Latent factor models of genetic and
environmental effects were fitted to the observed data using maximum likelihood
methods.
Results: The overall cumulative prevalence of hay fever was 12.6%. Identical twins
were significantly more likely to be concordant for hay fever than were fraternal
twins (Po0:001). Additive genetic effects accounted for 71% and non-shared
environmental effects accounted for 29% of the individual susceptibility to hay fever.
The same genes contributed to the susceptibility to hay fever both in males and in
females. In families with asthma, the susceptibility to develop hay fever was, in
addition to genes, to a great extent ascribable to family environment, whereas the
aetiology of ‘sporadic’ hay fever was mainly genetic.Elsevier Ltd. All rights reserved.
13069; fax: +45 35312179.
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S.F. Thomsen et al.2178Conclusions: The susceptibility to develop hay fever is attributable to major genetic
influences. However, effects of family environment and upbringing are also of
importance in families where asthma is present. These results indicate that different
sub-forms of hay fever may have different aetiologies.
& 2006 Elsevier Ltd. All rights reserved.Introduction
Hay fever is a disease of the airways, which is
characterised by sneezing, itching, rhinorrhea, and
nasal congestion often following exposure to aero-
allergens.1 In a variable number of cases raised
blood levels of IgE and atopic sensitisation to
specific allergens accompany it.2 Hay fever is
associated with asthma and atopic dermatitis and
this phenotypic overlap is known to be to a great
extent genetic in origin.3,4 Hay fever affects an
extensive number of individuals with perhaps as
much as one-third of the population being af-
fected.1 A childhood and adolescent preponder-
ance in disease risk has been found and prevalence
rates are substantial almost irrespective of the
geographical area of interest.5
Surveys that examine the causes of individual
susceptibility to hay fever and associated atopic
traits have consistently revealed a major impact of
genetic factors in the aetiology. The correlation in
liability between relatives exceeds what is ob-
served among random sets of individuals from the
population and even more so when relatives of
increasing genetic relatedness are compared. Nu-
merous, and to some extent, contradictory studies
of atopic disease have ascribed the pattern of
genetic transmission both to recessive, dominant,
co-dominant and polygenic inheritance.6 Addition-
ally, a range of environmental influences are
undoubtedly involved in the causal pathways of
the disease, most likely in conjunction with an
adverse genetic constitution.7
Studies of twins can provide useful information
on the aetiology of complex respiratory pheno-
types, such as hay fever. The classical twin study
examines to what extent genetic and environmen-
tal factors contribute to the development of a
disease. The rationale behind the classical twin
study is that identical twins not only share all their
genes, but also their upbringing and early environ-
ment. On the other hand, fraternal twins share,
besides their upbringing and early environment,
only 50% of their genes. Hence, if identical twins
resemble each other more for a disease compared
with fraternal twins, genetic factors are assumed
to contribute to development of that disease.8
Within the framework of the classical twin study itis possible to partition the causes for individual
susceptibility to develop a certain disease into the
effects of genes, family environment, and indivi-
dual specific environment.8 Studies that have
addressed these issues have shown that the herit-
ability of hay fever, i.e. the proportion of pheno-
typic variance ascribable to genes, is ranging from
approximately 35% to 80%. Furthermore, familial
aggregation of hay fever has been found to be much
less due to environmental influences shared be-
tween family members, while unique environmen-
tal influences obviously are important when
explaining individual differences in disease occur-
rence.3,4,9,10 Studies arriving at these conclusions
have mainly been conducted within children and
young adolescent populations, while nationwide
samples of young adults only have been studied to a
limited extent.
In order to estimate the relative impact of
genetic and environmental influences on individual
susceptibility to hay fever we undertook a compre-
hensive nationwide questionnaire survey among
young adult Danish twins.Methods
Study design
The study population is based on the twin cohorts
born between 1953 and 1982 in Denmark who were
enroled in the nationwide Danish Twin Registry.11 In
these cohorts zygosity was established in 1991 using
four questions of similarity and mistaken identity,
which have a frequency of misclassification of less
than 4%.12 In 1994, a total of 34,076 twin
individuals, who in 1991 have declared their will-
ingness to participate in future studies, were sent a
questionnaire with items aimed at identifying
multiple phenotypes including hay fever and
asthma.13 The participation rate was 86%, compris-
ing 29,183 subjects (12,356 intact twin pairs and
4471 single responders). Among the 12,356 intact
pairs, a total of 11,750 pairs with complete data on
zygosity and hay fever were identified and analyses
were based on this sample. Subjects were regarded
hay fever cases when responding affirmatively to
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hay fever?’ A similar question was used to identify
subjects with asthma.13Statistical analysis
Assessment of twin pair resemblance for hay
fever
Probandwise concordance rates and tetrachoric
correlations assessed the degree of twin pair
resemblance. The probandwise concordance rate
denotes the probability that one twin has hay fever
given the co-twin is affected, and is estimated as
two times the number of concordant affected pairs
(both twins are affected) divided by two times the
number of concordant affected pairs plus the
number of discordant pairs (one twin is affected).
Tetrachoric correlations are measures of similar-
ity for dichotomous variables that estimate what
the correlation would be if the variables were
measured on a continuous scale. Tetrachoric
correlations thus represent the correlation be-
tween hay fever in twin 1 and hay fever in twin 2
within a twin pair. They were estimated under the
multifactorial threshold model. This model assumes
that: (a) many factors (genetic and environmental)
contribute to the development of the disorder; (b)
each member of a twin pair is assumed to have his
or her own liability, the pair of liabilities for a twin
pair being assumed to be bivariate normally
distributed; and (c) as the number of causal factors
for the disorder increases in an individual, the
liability for the disorder increases. When a thresh-
old is reached the burden of liability becomes so
great that disease (hay fever) results.8 The thresh-
old then represents the population prevalence of
that disorder and is equivalent to a z-value of the
(standard) normal distribution.14 Age, and a history
of asthma were included as covariates in the
analyses. Both variables were incorporated into
the threshold model allowing them to impact on
the liability thresholds for hay fever according to
their degree and direction of association with hay
fever.Variance components analysis
Latent factor models of genetic and environmental
effects were fitted to the observed data, using
maximum likelihood methods. These models as-
sumed that the susceptibility to develop hay fever
was a linear function of genetic and environmental
influences. Genetic influences were partitioned
into additive genetic effects (loci contributing
additively to disease risk, A) and non-additive
genetic effects (interacting alleles, either fromthe same locus-genetic dominance-or from sepa-
rate loci-epistasis, D). Environmental influences
were partitioned into shared environmental effects
(environmental factors that increase the resem-
blance between members of the same family, C)
and non-shared-random-environmental effects (in-
fluences unique to an individual, E).8 For most
human traits it is reasonable to assume all four
sources of variance (A, D, C, and E) to act
simultaneously. However, components C and D are
not identified under the same model in studies that
include only twins reared together.15 Therefore,
the likelihood of the data was determined under a
saturated model that included components A, C,
and E when there was evidence that shared
environment influenced the disease susceptibility
(MZ correlation below twice the DZ correlation) and
under a saturated model that included components
A, D, and E when there was evidence that genetic
non-additivity influenced the disease susceptibility
(MZ correlation above twice the DZ correlation).
Nested sub-models were subsequently fitted by
fixing to zero the appropriate variance compo-
nents. The difference in log-likelihood between the
saturated and the nested models provided an
estimate of the significance of the contribution of
the individual variance components to the disease
susceptibility. Additionally, we considered the fit of
models that included tests for equal magnitudes of
genetic effects across sexes and sex-limitation of
genetic effects. A P-valueo0.05 was considered to
be statistically significant. The statistical package
Mx was used for the analyses.16 The protocol was
evaluated and approved by the Scientific Ethics
Committee.Results
The distribution of hay fever according to zygosity
is shown in Table 1. The mean age of the cohort was
26.5 years (age-range 12–41 years) and 52% were
females. The cumulative (lifetime) prevalence of
hay fever was the same across the different
zygosity groups with an overall rate of 12.6%. The
probandwise concordance rates and tetrachoric
correlations for identical twins were significantly
higher and about twice that for fraternal twins,
indicating genetic influences on disease aetiology.
We found no statistically significant effect of age on
the estimates (P ¼ 0:71), whereas a history of
asthma was significantly associated with hay fever
(Po0:001).
Table 2 shows the results from variance compo-
nents analysis. In both sexes models that included
ARTICLE IN PRESS












CPr (95% CI) Tetrachoric
correlations
(95% CI)
MZ 3723 940 12.6 454 243 0.52 (0.48–0.56) 0.72 (0.69–0.76)
Males 1697 416 12.3 188 114 0.55 (0.49–0.61) 0.77 (0.70–0.82)
Females 2026 524 12.9 266 129 0.49 (0.44–0.55) 0.69 (0.62–0.74)
DZ-ss 4358 1081 12.4 795 143 0.26 (0.23–0.30) 0.34 (0.27–0.40)
Males 2127 537 12.6 385 76 0.28 (0.23–0.34) 0.37 (0.27–0.45)
Females 2231 544 12.2 410 67 0.25 (0.20–0.30) 0.31 (0.21–0.40)
DZ-os 3669 938 12.8 732 103 0.22 (0.18–0.26) 0.23 (0.16–0.31)
Males 465 12.7 362
Females 473 12.9 370
All DZ 8027 2019 12.6 1527 246 0.24 (0.22–0.27) 0.29 (0.24–0.34)
Total 11,750 2959 12.6 1981 489 0.33 (0.31–0.35) 0.46 (0.42–0.49)
CPr, probandwise concordance rate.
Abbreviations: MZ, monozygotic; DZ-ss, dizygotic same sex; DZ-os, dizygotic opposite sex.
Males and females being the affected twins, respectively.
Table 2 Variance components analysis of hay fever in a sample of 11,750 twin pairs, 12–41 years of age.
Model Variance components Fit statistics
A D E D2 logQ Ddf P-value
Males
ADE 0.71 (0.33–0.81) 0.06 (0.00–0.45) 0.23 (0.18–0.30)
AE 0.76 (0.70–0.81) — 0.24 (0.19–0.30) 0.09 1 0.77
DE — 0.78 (0.72–0.83) 0.22 (0.17–0.28) 13.21 1 o0.001
E — — 1.00 330.80 2 o0.001
Females
ADE 0.55 (0.15–0.73) 0.14 (0.00–0.55) 0.31 (0.25–0.38)
AE 0.68 (0.62–0.74) — 0.32 (0.26–0.38) 0.50 1 0.48
DE — 0.70 (0.64–0.76) 0.30 (0.24–0.36) 7.42 1 0.006
E — — 1.00 291.41 2 o0.001
Standardized parameter estimates (95% confidence intervals) of additive genetic factors (A), non-additive genetic factors (D),
and non-shared environmental factors (E).
D2 logQ, difference in model fit (log-likelihood) between saturated model and nested model.
Ddf, difference in degrees of freedom between saturated model and nested model.
S.F. Thomsen et al.2180effects of additive genetic factors and non-shared
environmental factors (AE-models) best described
individual susceptibility to hay fever. Parameter
estimates were not significantly different in males
compared with females, with genes accounting for
71% and non-shared environmental factors account-
ing for 29% of the individual susceptibility to hay
fever. The same genes contributed to the suscept-
ibility to hay fever both in males and in females,
P ¼ 0:10.
Additional variance components analysis was
performed for hay fever both in families with and
in families without asthma (‘sporadic’ hay fever).These analyses showed that the liability to hay
fever in families with asthma was ascribable both
to additive genetic factors (36%), shared environ-
ment (57%), and non-shared environment (11%),
whereas the susceptibility to ‘sporadic’ hay fever
could be attributed solely to additive genetic
factors (70%) and non-shared environment (30%).Discussion
We infer from our study that the susceptibility to
develop hay fever is influenced mainly by individual
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a substantial portion of the susceptibility to hay
fever is due to individual differences in environ-
mental exposures. Additionally we found that, in
besides genes, environmental exposures shared
between members of the same family—for exam-
ple upbringing and early life environment—are
important for development of hay fever in families
where asthma is also present. On the contrary, the
susceptibility to develop ‘sporadic’ hay fever seems
to be ascribable mainly to individual genetic
differences with no impact of shared environment.
These results expand upon earlier findings from
four Scandinavian4,9,10,17 and one Australian3 ques-
tionnaire-study among twins, which all emphasise
that most of the familial resemblance of hay fever
is due to genetic factors. In particular, Duffy and
co-workers found a heritability of hay fever of 60%
in a study among 3808 twin pairs, 18–88 years of
age (mean age 36.5 years) ascertained from the
Australian Twin Registry.3 Furthermore, a study by
Lichtenstein and Svartengren of 1480 twin pairs,
7–9 years of age, from the Swedish Twin Registry,
showed that the susceptibility to develop hay fever
was ascribable to 33% additive genetic effects in
boys compared with 70% in girls.4 Finally, in a study
that comprised 1765 Finnish adolescent twin pairs
the estimate of additive genetic variance was
around 80%.9 Several other studies confirm these
findings by showing that concordance rates for hay
fever in identical twins are significantly higher than
in fraternal twins,10 even when the twins have been
reared apart.18 We tested for sex-limitation of
genetic effects and found no differential expression
in males compared with females. This assumption
was also tested in the Australian study and could
neither be demonstrated in that population.3
Acknowledging the imprecise definition of hay
fever in epidemiological studies, several surveys
have examined the quantitative genetics of hay
fever intermediate phenotypes within twin popula-
tions. These studies have mainly focussed on
objective measures of disease such as skin test
reactivity and levels of serum IgE, which are
assumed to be more accurate measures of disease.
These studies consistently confirm a substantial
genetic component and a negligible contribution
from common familial environment in the aetiology
of atopy.18–20 Moreover, these intermediate pheno-
types are not biased by imprecise subjective
categorisations of disease status and are inherently
more informative and statistically powerful than
binary clinical definitions of atopy, such as hay
fever.6 These advantages have been exploited in
the course for mapping susceptibility loci for atopic
traits7 and additionally, a few studies have tried toaddress binary hay fever correlates such as allergic
rhinitis in a genome-wide linkage setting, confirm-
ing that a large number of candidate loci are likely
involved in the disease process.21,22
The magnitude of affectedness in this sample was
somewhat lower than that found in the general
singleton population.1 That is, we found cumulative
prevalence rates of around 12%, which, however, is
considerably lower than the prevalence rate of 30%
found among Australian twins.3 Furthermore, un-
like other studies that have reported an excess risk
among women,3 we found equal prevalence rates in
the two sexes. Whether this reflects geographical
differences rather than just a low prevalence
among European twins remains debatable, but
nevertheless our finding of a lower prevalence in
twins compared with that found among singletons is
in line with some earlier reports of a reduced
prevalence of atopic diseases in twins. According to
the ‘hygiene hypothesis’, as argued by Strachan et
al.23 twin sib-ships, i.e., having an extra sibling of
the same age, could be a special case of large
family size conferring a protective effect on
allergic disease.
One limitation of the present study is that we
only relied on the validity of one question, i.e. ‘Do
you have, or have you ever had hay fever?’ to
detect the presence or absence of the disease. We
recognise that this procedure is a crude approx-
imation of a phenotype that follows various
developmental trajectories and presumably is
understood differently among different indivi-
duals.2 A phenomenon that would seem to be
especially pronounced in this study since it covers
an age-range of participants of almost 30 years.
That leaves a potential for inaccurate estimates of
the disease risk owing to recall bias among subjects
being affected only in childhood as well as among
those with present disease due to differences in
perception of symptoms. Nevertheless, at the
expense of an inaccurate diagnosis we infer our
conclusions on the basis of an extensive sample of
subjects, who were selected from a population-
based registry and hence the study is not biased by
non-random recruitment through media advertising
and volunteer campaigns, as can be seen in twin
registries outside the Scandinavian countries.3,20
We conclude that identical twins are more likely
to be concordant for hay fever than are fraternal
twins, which indicates a genetic contribution to
disease aetiology. Biometrical modelling suggested
that around three-fourths of the individual differ-
ences in susceptibility to develop hay fever are
ascribable to genetic effects operating in an
additive fashion with the rest being due to
individual differences in environmental exposures.
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to develop hay fever in families where asthma
is also present to a great extent is due to influences
from family environment and upbringing, where-
as ‘sporadic’ hay fever mainly develops because
of individual differences in genetic vulnerability.
These results add new insight into the origins of
hay fever and indicate that different sub-forms
of hay fever may be aetiologically different.
Further research is needed to clarify to what
extent clinical heterogeneity within atopic disease
can be attributed to genetic and/or environmental
causes.Acknowledgement
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